We synthesized transition metal doped ZnO nanowires by an easy and efficient hydrothermal method using three different metals: iron, silver, and cobalt at different molar percentage (1%, 2%, and 3%). Scanning electron microscopy showed quite homogeneous ZnO nanowire arrays for all doped samples. The photocatalytic efficiency was tested by degrading a methyl orange solution. All doped samples showed better efficiency than undoped samples, the most efficient for each dopant being the ZnO:Fe 3%, the ZnO:Ag 2%, and the ZnO:Co 2%. The photocatalytic efficiency enhancement can be attributed to two effects: the reduction of the band-gap energy allowing more photons to be absorbed; and the increase in oxygen vacancies and the dopant ions on the nanowire surface reducing the electron-hole recombination rate.
Introduction
Drinkable water is a rare resource, with a large amount of indispensable uses. Considering the increase of human population, it is necessary to find new, inexpensive, efficient, and environment-friendly solutions for wastewater treatment.
One of the most efficient solution is the use of nanostructured semiconductor photocatalysts, as they have proven to be able to degrade organic pollutants in wastewater under sunlight [1, 2] . Among them, ZnO is one of the most promising material, due to its non-toxic and environment-friendly nature [1] [2] [3] [4] , its high thermal and chemical stabilities [1, 4] , and the fact that it can be made from low-cost raw materials [1] . However, major drawbacks for its use in photocatalysis are its high electron-hole recombination rate [5, 6] and its high bandgap energy (≈ 3.37 eV) [1] [2] [3] [4] , solely allowing the use of ultraviolet light, which represents only about 5% of the solar spectrum [2, 3] .
One solution to improve the photocatalytic efficiency of ZnO is the use of various dopant materials, such as rare earth [1, 3] , transition metals [1, 3] or non-metal materials [2, 3] , incorporated into the nanostructures during the synthesis. Those dopings allow to narrow the band-gap energy [1] [2] [3] , improving the use of the solar light, thus the photocatalytic efficiency [2] .
In this study, we compared the efficiency of three different transition metals used as dopants: iron, silver, and cobalt. All these metals have been demonstrated as able to improve the photocatalytic efficiency of ZnO [7] [8] [9] [10] [11] [12] [13] [14] Iron and silver are also known to be non-toxic and environment-friendly materials [15] [16] [17] [18] , and cobalt is a widely-used dopant [12] [13] [14] .
The photocatalysis experiments have been performed by degrading methyl orange (MO) on our samples. We chose MO as a representative dye, as it is a toxic organic dye, often found in industrial waste waters [8] . Furthermore, this dye is one of the most difficult to degrade compared to the common dyes used in the literature such as rhodamine, methylene blue, or acid red 14, etc.
Experimental details
The samples are synthesized by a simple hydrothermal method, already described in our previous work [19] , the main difference being the growth solution, which now contains 1.125 mM of Zn(NO 3 ) 2 , 0.5625 mM of HMTA and the appropriate quantity of the doping solution (FeCl 3 , AgNO 3 or Co(NO 3 ) 2 ) to obtain a molar percentage of 1%, 2%, or 3% in dopant product.
The photocatalysis experiments are conducted by degrading 0.3 µmol of MO in a 30 mL solution under a 365 nm UV irradiation by a Hamamatsu-LC8 UV-lamp (intensity: 4500 W/cm 2 ) for 3 h, with magnetic stirring. The whole process is monitored by UV-vis spectrometry. After each photocatalysis experiment, the samples are rinsed with milli-Q water and annealed in an oven at 350
• C for 30 min in order to remove the eventual residue on the sample surface.
Results and discussion
We synthesized 3 series of 4 samples for each metal: one for every dopant percentage (1%, 2%, and 3%) and an undoped ZnO sample. Figure 1a -c shows the SEM images of the 1%-doped samples and Fig. 1d-f shows the associated UV-vis degradation curve over time. All syntheses lead to samples with homogeneous surfaces of (471) nanowires (NWs) distributed all over the substrate. The Fe and Co-doped samples show aspect ratios and morphologies similar to those of the undoped samples, with aspect ratios around 14-15, mean diameters of 85 ± 5 nm and heights of 1100±50 nm, whatever the dopant concentration (1%, 2%, or 3%). The Ag-doped samples, however, exhibited lesser aspect ratios (around 7-10) and an increased dependence on the dopant concentration, as the mean diameters of the NWs increased, ranging from around 80±5 nm for the 1%-doped samples to 100±10 nm for the 3%-doped samples, and their mean heights decreased, being around 800 ± 5 nm for the 1%-doped samples and 700 ± 50 nm for the 3%-doped samples, leading to lesser aspect ratios. The results of the different photocatalysis experiments are presented in Fig. 2a-c, which shows the MO degradation rate over time. Each curve is the mean curve of three photocatalysis using the same sample. Figure 2a shows the MO photodegradation efficiency results for the Fe-doped ZnO NWs. All the samples eventually achieve 99% of MO degradation within 180 min, the 3%-doped sample needing only 120 min to do so, while the 1% and 2% doped samples need about 150 min. Figure 2b shows the results for Ag-doped ZnO NWs. The results of all the different samples are very similar, and they all achieve 99% degradation in 150 min, the 2% doped sample being slightly more efficient than the others.
The results shown in Fig. 2c are the results for the Co-doped ZnO NWs. The 1% and 3% doped samples show very similar curves, achieving 99% degradation after 180 min, while the 2% doped sample achieves 99% degradation in 120 min, making it the most efficient. This leads to the hypothesis that there is an optimum in cobalt doping for the photocatalysis efficiency, as the most efficient Co-doping percentage between 2% and 3% is still debated [12] [13] [14] .
As shown by the different results, all the doped samples exhibit a better photocatalytic efficiency than the undoped ones. This is likely due to two different effects of the dopants: the narrowing of the NWs band-gap energy, and the increase in O vacancies in the NWs structure, creating electron traps, thus reducing the electron-hole recombination rate. To determine which effect was the prominent one, we used the Tauc method to measure the band-gap energy of our samples. For the 1%, 2%, and 3% doped samples, the results are, respectively: 3.15, 3.05, and 3.0 eV for Fe; 3.18, 3.15, and 3.11 eV for Ag, and 3.15, 3.10, and 3.10 eV for Co.
The narrowing of the band-gap has already been reported for Fe-doped samples [7, 8] , and the band-gap energy measurements agree with our iron-doped photocatalysis results. The increase in the O vacancies has been reported in Fe [9, 20] , Ag [10, 11] and Co [3, 14] doped samples, and could explain the differences in the photocatalytic results for Ag-and Co-doped samples, despite their very similar band-gap energies.
We would like to highlight that, for water treatment, we recommend the use of Fe and Ag, considering their environment-friendly nature. Co has been used here mostly for comparison, but is not an advisable material for use in water.
Conclusion
We successfully synthesized transition-metal-doped ZnO nanowires onto wafer Si substrate by an easy hydrothermal method, using only soft conditions. All the samples have exhibited an improvement in the photocatalytic efficiency, being able to fully degrade MO in 180 min, sometimes less, where undoped ZnO achieved only 95% degradation in the same time.
The improvement of the photocatalytic efficiency is mainly due to two different effects: the decrease in bandgap energy, allowing more photons to be absorbed by the photocatalyst, improving the available energy for the reaction, and the increased number of oxygen deficiencies into the nanowires lattices, which act as electron traps, as well as the dopant ions on the surface of the nanowires, decreasing the electron-hole pairs recombination rate. The first effect is the most prominent in the iron-doped samples, the second one being more important for the silver-and cobalt-doped samples.
